ABSTRACT: Current tuberculosis (TB) drug development efforts are not sufficient to end the global TB epidemic. Recent efforts have focused on the development of wholecell screening assays because biochemical, target-based inhibitor screens during the last two decades have not delivered new TB drugs. Mycobacterium tuberculosis (Mtb), the causative agent of TB, encounters diverse microenvironments and can be found in a variety of metabolic states in the human host. Due to the complexity and heterogeneity of Mtb infection, no single model can fully recapitulate the in vivo conditions in which Mtb is found in TB patients, and there is no single "standard" screening condition to generate hit compounds for TB drug development. However, current screening assays have become more sophisticated as researchers attempt to mirror the complexity of TB disease in the laboratory. In this review, we describe efforts using surrogates and engineered strains of Mtb to focus screens on specific targets. We explain model culture systems ranging from carbon starvation to hypoxia, and combinations thereof, designed to represent the microenvironment which Mtb encounters in the human body. We outline ongoing efforts to model Mtb infection in the lung granuloma. We assess these different models, their ability to generate hit compounds, and needs for further TB drug development, to provide direction for future TB drug discovery.
Tuberculosis (TB) is the number one cause of human death from infectious disease in the world. It is estimated that onethird of the world's population is infected with Mycobacterium tuberculosis (Mtb), the pathogen that causes TB disease.
1 Only 10% will develop active disease in their lifetime. 2 Although, it is currently not possible to completely accurately predict who will develop the disease, diabetes mellitus has been identified as a significant comorbidity. The risk of developing active TB disease rises to 30% in diabetics. 3 Typically, 80−90% of patients with drug-sensitive TB are cured after receiving 6−8 months of intensive antibiotic treatment. However, the side effects from the cocktails of antibiotic therapies used have led to adherence issues and high levels of drug-resistant Mtb strains in the infected population. Treatment of drug-resistant or multi drug-resistant TB (MDR-TB: resistant to isoniazid and rifampin with or without resistance to other first-line TB drugs) is more complex and takes up to two years of combination chemotherapy. 4 The prevalence of MDR-TB is sufficiently high that 3.9% 5 of first time TB patients are infected with drug-resistant Mtb strains. Thus, more effective treatments to eliminate this reservoir of future disease are required. Treatment of the high levels of drug-resistant Mtb infection, which include rifampinresistant (Rif-TB), MDR-TB, and extensively resistant TB (XDR-TB: resistant to multiple first-line and second line TB drugs) requires new drugs with new mechanisms of action to limit crossover resistance. Development of new therapies is further complicated because TB drugs are given in combination to prevent development of resistance. The combinations may be antagonistic or have incompatible metabolic profiles that limit their use. The discovery of anti-TB drugs with lower toxicities and shorter treatment times will help to reduce further growth of drug-resistant TB in the population.
Postgenomic Era Approaches to Developing New TB Therapeutics
With the availability of the complete TB genome in 1998, 6 drug development efforts focused on designing and selecting inhibitors of important enzymatic targets that were largely selected based on gene essentiality. These protein targets were purified and crystallized and binding sites identified. Then, inhibitors were designed to block enzyme activity. However, these efforts have not yielded new drugs to date.
Target-based enzymatic assays test in vitro inhibition of isolated target proteins and are generally binding affinity driven based on the assumption that high binding affinities will provide high specificities for the targets. However, these screening assays neglect essential factors such as cell wall permeability, metabolic stability, and drug target vulnerability. These properties can be difficult to design into a compound structure while maintaining inhibition potency.
After a decade's worth of attempts at biochemical screening against enzymatic Mtb targets, both the pharmaceutical industry and academic laboratories have shifted their focus to whole cell-based phenotypic screens for TB drug discovery. The impetus for this approach arises partially from the knowledge that all current TB drugs were discovered in wholecell screens for inhibition of Mtb growth or growth of an Mtb surrogate.
However, whole cell-based phenotypic screens using either Mtb or Mtb surrogates in in vitro liquid media conditions have raised questions about their physiological relevance. Targets inhibited in liquid culture may not be essential in vivo. Thus, compounds and targets may be selected that are only active under in vitro conditions. 7 Therefore, different culture models fashioned on our current understanding of in vivo mechanisms of Mtb infection and survival have been developed. The hope is that mimicking the environment in which Mtb resides as a pathogen will lead to improved drug discovery. The optimal drugs will combat the existing resistance problems, shorten the current chemotherapy, and improve efficacy of sterilization.
Here, we summarize the major types of whole cell-based phenotypic screens for TB drug discovery that have been reported in the period January 2007 to September 2017. Prior reviews have summarized earlier work. 8−12 Our focus is on the systems used in compound screening to model TB disease. We do not review the diversity of libraries or types of chemical entities used in this effort, although we do call out compound classes that have been identified in the literature.
First, we provide background on the in vivo physiology of Mtb infection. Second, we summarize the types of Mtb antibiotics currently available and their mechanisms of action. Third, we provide a broad overview of recent and current drug discovery approaches for finding new chemotherapeutic leads for treating Mtb infection. Last, we provide an analysis of future directions based on the apparent pros and cons of current methods.
PHYSIOLOGY OF MTB INFECTION IN THE LUNG
The process of lung infection by Mtb has been extensively described in earlier reviews. 13−15 Our understanding is based primarily on infection of the mouse, although the mouse model of infection is imperfect, as Mtb is supremely adapted to persist in its human host and the human immune system is not identical to that of the mouse. 16−18 Some additional analyses have been performed in nonhuman primates, 19 as well as other model organisms. 20 In brief, an aerosol droplet containing Mtb is expelled through the cough of a person with an active TB infection, and the droplet is inhaled by the next person in the chain of infection. The bacilli then travel through the respiratory system into the lung. Upon reaching the alveoli, Mtb is phagocytosed by macrophages, as well as monocytes and dendritic cells. 4 The infected macrophage invades the epithelial layer to reach the lung interstitium and the site of infection is established. 21 An aerosol droplet containing one Mtb bacillus is sufficient for transmitting Mtb infection from one person to another. 15 At this stage of infection, Mtb bacilli still replicate exponentially in macrophages until the infected macrophage is recognized by T-cells. 22 T-cells then activate the macrophage by the secretion of interferon-γ (INF-γ) and tumor necrosis factor-α (TNF-α) in an attempt to bring bacillary replication under control. 23 The infection of the macrophage induces the innate inflammatory response and the infected alveolar macrophages signal to recruit mononuclear cells from the surrounding blood vessels to form the initial building blocks of the granuloma. 15 A localized chemokine gradient is created which results in waves of immune cell recruitment to the site of infection which is remodeled into a granuloma (Figure 1 ).
Granuloma formation marks the hallmark of Mtb infection. In the beginning state of granuloma formation, the tubercle is highly vascularized and the immune cells are actively recruited to the infection site due to the chemokines produced by infected macrophages. Cell recruitment is accompanied by the differentiation of macrophages into foamy macrophages, multinucleated giant cells, and epithelioid cells, as well as other mononuclear phagocytes. 21, 22 Once the immune response is triggered, lymphocytes and dendritic cells are recruited to the infection sites.
As Mtb multiplies and inflammation develops, the structure of the granuloma matures. With the formation of a fibrous cuff, the blood vessels within the structure start to diminish. The loss of vascularization leads to necrosis and a hypoxic environment, with the accumulation of caseum in the granuloma core. 13, 15, 24 In this solid structure, the number of bacilli remains constant and at least some of the mycobacteria enter a nonreplicating persistent state. 13, 22 Many of the mycobacteria are extracellular and reside in the caseum ( Figure  1 ). The killing of Mtb by the macrophage is limited at this stage due to the inhibition of superoxide and nitric oxide production in the hypoxic environment. 25 In addition, during this persistent stage, Mtb arrests phagolysosome biogenesis to avoid the antimycobacterial intracellular environment. A single individual TB patient has granulomas in different states; their development is not synchronized. 26 Eventually, the granuloma structure collapses and aerosolized infectious bacilli are released into the air through coughing. 27 Therefore, when developing new TB drugs, the large array of microenvironments in which Mtb survives in the host should be considered. Traditionally, prospective compounds are first screened against actively replicating Mtb in culture which may not be the best model of Mtb environment in vivo. The complex microenvironments encountered by Mtb in vivo have been modeled in various ways as described in sections 7 and 8.
CURRENT AND FUTURE TB DRUG REGIMENS
The current drug regimen for drug sensitive TB treatment was established in the 1980s (Table 1) . 28 The regimen comprises four drugs, isoniazid (INH), rifampicin (RIF), ethambutol (EMB), and pyrazinamide (PZA; Figure 2 ), for 6 months of treatment. The primary targets of TB drugs are cell wall biosynthesis, DNA replication, RNA transcription, or protein synthesis. Newer TB drugs and TB drugs in development also target energy metabolism. Treatment of drug-resistant or multidrug resistant TB is much more complex. The treatment depends on the patient history and drug sensitivity screening, as well as the countryspecific protocols that depend on drug pricing and availability. Multidrug resistant TB requires treatment for two years with a cocktail of at least five drugs (Figure 3) . 5 These second-line drugs (Table 1) tend to be more expensive and include bedaquiline, ethionamide, cycloserine, moxifloxacin, and streptomycin, as well as front-line drugs pyrazinamide and ethambutol. All of the multidrug resistant TB treatment regimens include daily injectables for up to 6 months, and some have toxicity issues including cardiotoxicity and ototoxicity.
Early bactericidal activity (EBA) is monitored during treatment of patients. This assay measures whether replicating, extracellular bacteria that can be accessed in sputum have been killed. In some cases, the bactericidal activity of a drug wanes after the first 14 days of treatment, suggesting that the Mtb microenvironment in the lung affects Mtb susceptibility to that drug. Ultimately, the sterilizing activity of a TB drug is assessed by whether a cure is maintained after completion of treatment. Thus, one reason for current multidrug regimens is to ensure sterilization of different Mtb populations.
Drug-Sensitive TB Treatment
The primary target of INH is enyol-ACP-reductase, InhA. INH activity requires bioactivation by a Mtb catalase, KatG, to form an isonicotinic acyl radical, which subsequently couples with NAD + /NADP + to form an adduct. 29, 30 For drug-sensitive TB, INH has the highest early bactericidal activity (EBA). In the first 2 days of treatment, INH is able to kill >95% of bacilli found in the sputum, which are extracellular bacteria. However, after the first few days of treatment, with eradication of the actively replicating subpopulation, INH efficacy starts to diminish, and an INH-refractory population remains. This profile is consistent with a mechanism of action that targets inhibition of cell wall biosynthesis. 31 The implication is that INH has limited efficacy for killing and sterilization of nonreplicating Mtb in the lung.
RIF is an inhibitor of RNA polymerase. 32 Thus, its antimycobacterial activity is manifested through blocking of protein synthesis. In contrast to INH, RIF shows a relatively modest EBA. 31, 33 However, the bactericidal activity remains constant over the time course of pulmonary TB treatment. This profile results in excellent sterilization and implies that RIF also kills nonreplicating subpopulations of Mtb in the lung.
The mechanism of action of PZA is not completely defined. 34−41 PZA is a prodrug which requires bioactivation to its pyrazinoic acid (POA) form. This hydrolytic bioactivation can be catalyzed by Mtb pyrazinamidase, PncA, 42 or by host metabolism. 43 There are multiple cellular 34 RNA and DNA metabolism, 41 and CoA biosynthesis. 39, 40 PZA shows no EBA in the first 2 days of treatment, and its activity requires acidic conditions. 31 However, it is still considered a sterilizing drug that shortens TB treatment. 34 EMB inhibits the biosynthesis of arabinogalactan, a component of the bacterial cell wall. 44 EMB is bacteriostatic and is not active against nonreplicating bacilli in a Wayne hypoxia culture model. 45 EMB has a modestly high EBA which falls in between the profiles of INH and RIF. However, it has also been reported that EMB has poor or no sterilizing activity. 31 All four drugs are typically used for the first two months of treatment, followed by four months of INH and RIF treatment. The extended duration of this regimen is to ensure relapse-free treatment. On the other hand, the extended treatment times required highlight the limitations of the current drugs, even in combination, to act as effective bactericidal agents and to sterilize Mtb infection completely.
Drug-Resistant TB Treatment
Ethionamide (and a related analog prothionamide) are derivatives of isonicotinic acid. The mechanism of action of ethionamide is similar to the mechanism of action of INH. Ethionamide is first activated by a Mtb monooxygenase EthA/ EtaA 46 that results in formation of an NAD + adduct. The NAD + adduct inhibits InhA, a enoyl-ACP reductase in the mycolic acid biosynthesis pathway. The expression level of ethA in vivo is highly correlated to the activation of ethionamide, and therefore drug potency. ethA expression is regulated by the repressor EthR. The efficacy of ethionamide can be boosted by inhibiting EthR binding to DNA, which increases EthA production levels. 47, 48 Thus, the potential for synergistic codrug action is high.
Cycloserine inhibits alanine racemase and D-alanine:Dalanine ligase in peptidoglycan biosynthesis. 49 Cycloserine is bacteriostatic at the dose used in Mtb treatment. 50 Moreover, cycloserine is highly toxic, especially to the central nervous system where it acts as an NMDA receptor agonist and induces psychosis.
Moxifloxacin is a fluoroquinolone antibiotic. Fluoroquinolones inhibit DNA gyrase and have broad spectrum antimicrobial activity. Moxifloxacin is the most effective fluoroquinolone against Mtb infection. It is bactericidal and its EBA profile is close to that of INH. 51 Streptomycin is the first drug to be used for TB treatment. It inhibits protein synthesis by targeting the 16S rRNA subunit. Streptomycin shows low, dose-dependent early bactericidal activity. 52 Streptomycin is bactericidal against replicating Mtb.
53 However, it is less active against latent and intracellular bacilli. 54 This drug is administered via intramuscular injection. Clofazimine was originally developed for the treatment of leprosy, and it has been repurposed and evaluated for the treatment of MDR-TB and XDR-TB. The mechanism of clofazimine action is not completely elucidated. It appears to act as a pro-drug that is activated by NADH dehydrogenase (NADH-2) and competes with menaquinone for reduction by NADH dehydrogenase, and thereby releases reactive oxygen species upon nonenzymatic oxidation by O 2 . 55, 56 Clofazimine is bactericidal against replicating Mtb and nonreplicating bacilli in a Wayne hypoxia model. 45 Linezolid is one of the oxazolidione antibiotics which was originally used for the treatment of Gram-positive bacterial infections and has been repurposed as an antimycobacterial agent for TB treatment. Linezolid targets 23S rRNA and inhibits protein synthesis. 57 Linezolid shows bacteriostatic activity against Mtb including MDR-TB and XDR-TB strains in vitro. 57 Bedaquiline is the first anti-TB drug approved by the FDA in nearly 50 years. It was identified and developed in the early 2000s and approved in 2013 for MDR-TB treatment. Bedaquiline targets the ε subunit of ATP synthase, 58, 59 thereby depleting the cellular ATP pool. It has also been shown that bedaquiline affects the proton gradient across the Mtb cell membrane acting as an uncoupler of the proton motive force. 60 Bedaquiline is bactericidal against Mtb under both replicating condition and nonreplicating hypoxic conditions. 61 Pretomanid and delamanid are nitroimidazole compounds. Nitroimidazoles are known for their activity against anaerobic microorganisms. Pretomanid was identified through a wholecell screen of metronidazole derivatives and displays high bactericidal activity against both replicating and nonreplicating Mtb. 62 The mechanisms of action of these two drugs are not Transcription profiling revealed that pretomanid inhibits cell wall synthesis and interferes with cell respiration. 65 Delamanid inhibits mycolic acid biosynthesis and exhibits potent activity against Mtb including MDR Mtb, and it also kills intracellular Mtb. 66 In a 14-day assessment of EBA, delamanid shows a similar EBA profile to RIF, 67 and delamanid has also been shown to enhance the treatment of MDR-TB. 68 Delamanid was approved by the EMA in 2014.
Requirements for New TB Drugs
To address the unmet need for improved TB treatments, new drug candidates should be effective in sterilizing the diverse subpopulations of Mtb infection in the human. The candidate must have a novel mechanism of action to ensure activity against MDR-and XDR-TB disease. A favorable manageable metabolism profile and good oral availability are needed to reduce the potential for variability between patient populations. The pharmacokinetic and pharmacodynamic (PK/PD) profiles should be compatible with HIV treatment and diabetes mellitus management. Finally, any new treatment must achieve a stable and relapse-free cure. 28, 69 3.3.1. Pharmacokinetic and Pharmacodynamic Considerations for TB Drugs. Measurement of MIC and MBC, minimal inhibitory concentration and minimal bactericidal concentration, respectively, are important in evaluating the potential of a new compound to be effective in vivo. However, these measurements are made under constant drug concentration and evaluate growth or death after an extended incubation time in culture.
Pharmacokinetic (PK) and pharmacodynamic (PD) properties of a drug play an important role in determining in vivo efficacy. Furthermore, PK/PD properties such as compatibility with other TB drugs or medications for comorbid diseases, safety profile, oral bioavailability, and metabolic stability, determine the success of a new TB drug.
Oral administration is the route of choice for TB drug development. Therefore, oral bioavailability is crucial for a new TB drug. Aqueous solubility and gastrointestinal permeability are the two main factors affecting oral bioavailability. The general bioavailability of current TB drugs ranges from 40 to 90%, 70 and new drugs must be similarly bioavailable. To improve patient adherence, less frequent dosing is recommended. Once per day dosing is preferred. To dose less frequently, a relatively long in vivo half-life of a drug is needed. The half-lives of current TB drugs vary a lot between individuals, depending on their metabolism and comorbidities, and range from 1 to 14 h. 70, 71 An ideal TB drug should distribute to the lung, the primary infection site, and should be able to penetrate the granuloma to reach intracellular and extracellular bacilli in the hypoxic and possibly necrotic center. Ideally, the drug concentration in target tissue should be maintained at a concentration above the MIC between each dose. How this concentration is achieved depends on whether the drug binds to plasma protein, drug tissue distribution (volume of distribution), and plasma halflife of the drug. Drug lipophilicity is a major contributor to these properties. Decisions about dosing depend on PK/PD parameters and mechanism of action. The reader is referred to a TB-focused review on the topic for more details. 71 In terms of drug safety, an ideal TB drug should have no acute or long-term toxicity. Because of the combination nature of TB therapy, an ideal drug should not show drug−drug interaction either chemically or biologically with other TB drugs in the regimen and other drugs for comorbid diseases.
3.3.2. HIV-Coinfection and TB Treatment. HIV-Mtb coinfection is the leading cause of death among HIV positive patients. In the treatment of HIV-Mtb coinfection, the coadministration of antiretroviral drug and anti-TB drugs is problematic due to drug−drug interactions. 28 RIF induces the expression of CYP3A4 and p-glycoprotein, liver enzymes responsible for first pass metabolism of HIV-protease inhibitors. 72, 73 For HIV patients treated with an HIV-protease inhibitor-based regimen, RIF can increase the metabolism of these protease inhibitors and thus reduce the drug concentration below its effective range. 3.3.3. Diabetes Mellitus and TB Treatment. Growing evidence has shown that there is an increasing rate of diabetes mellitus and TB co-occurrence. 75, 76 Diabetes puts TB infected individuals at higher risk of TB disease due to alteration of their immune system. In addition, TB infection might induce glucose intolerance and cause problems in glycemic control for diabetes patients.
Moreover, there are rising concerns about drug−drug interactions in the comanagement of diabetes and TB. Numerous studies have shown that with the induction of cytochrome P450 liver enzymes CYP2C8, CYP2C9, and CYP3A4 by RIF, antiobesity drugs such as glyburide, glipizide, rosiglitazone, nategkinide, and repaglinide undergo more rapid metabolism than dosing regimens anticipate. Thus, there is a high risk of causing hyperglycemia with frontline TB treatment because drug plasma concentrations of diabetes drugs drop rapidly and blood sugar levels rise uncontrollably.
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TARGET IDENTIFICATION
With the whole genome sequence of Mtb available, 6 the capability to search through the entire Mtb genome for novel targets for antibiotic development became available. 9 Novel targets and new chemical entities are expected to circumvent existing drug resistance and therefore enhance current treatments. An ideal target for antibiotic development should be essential in vivo, drug vulnerable, and druggable.
Genetic essentiality screens are a typical first step to establish which gene products might be targeted for TB chemotherapy. However, not all essential genes are equally vulnerable to drug action. Moreover, the target must be accessible to chemical inhibition. That is, the target should have the ability to bind a small molecule other than its substrate. Inhibition or activation of the protein's function with an achievable concentration of the small molecule must lead to cell dysfunction, e.g., attenuated growth or cellular killing. In addition to being amenable to chemical inhibition, an inhibitor screen against the target should also yield drug-like compounds with specificity for affecting the function of the target in the absence of interference with any host orthologues.
Evaluation of gene knockout strain phenotypes can be made under various conditions both in vitro and in vivo to assess the gene's essentiality during different stages of infection. 84 Removal of a target that is essential for replication leads to attenuated growth. If a target is essential for survival, the depletion leads to cell death. A target can be essential for Mtb's growth or survival under different environmental conditions and different replication states, and it is important to test knockout strain phenotypes that are relevant to infection.
One might expect that chemical inhibition of a genetically essential gene would lead to the same phenotype as seen in gene knockout strain. However, it turns out not to be that simple. Target vulnerability also plays an important role.
Target Vulnerability
The degree of inhibition required to affect cell viability and to be bactericidal determines the target's vulnerability to being drugged. For an essential gene with high vulnerability, the drug need not occupy 100% of the protein target in the cell. An essential gene with low vulnerability is very difficult to drug. The high target engagement required to effect physiologic change may be very difficult to achieve. Therefore, methods to evaluate how much of the target protein must be deactivated in the cell have been developed to more accurately assess target vulnerability.
4.2.1. Gene Knockdown. Gene knockdown by reducing the expression level of the target protein can serve as a good tool to evaluate target vulnerability. 85 Gene knockdown is an approach in which the expression of the target gene is modulated to different levels for assessment of target vulnerability. Knockdown can be achieved by engineering expression of antisense RNA to modulate mRNA levels or through a regulatable promoter that modulates transcription. In the latter system, the native promoter is replaced with a regulated promoter and the target gene is only transcribed in the presence or absence of the inducer. 83 The transcription level can be titrated with inducer/repressor. A tetracyclinecontrolled promoter is most commonly used. Due to the bioavailability of anhydrotetracycline and other analogs, the regulated system can be used in animal models to study gene vulnerability and essentiality during infection. 85 
Controlled Protein Degradation.
Other approaches such as inducible protein degradation utilizing the Clp protease system have been applied to determine target vulnerability. 86 The Clp protease identifies the SsrA peptide sequence that is fused to the C-terminus of a protein and subsequently proteolyzes the entire protein. A synthetic Cterminal peptide was engineered that consists of the SsrA sequence fused with a protective peptide sequence that is recognized by HIV protease. Conditional induction of HIV protease expression leads to cleavage of the synthetic sequence, which in turn exposes the SsrA peptide on the C-terminus of the target protein. Exposure enables recognition of the targeted protein by Clp protease and the target's subsequent degradation. Using this approach, the target vulnerability and sensitivity to depletion of existing antibiotic targets has been studied. 86 Similarly, by utilizing a delivery protein from E. coli, SspB, and Clp protease, a dual-control gene switch was constructed in which a tetracycline inducer can simultaneously trigger transcriptional repression of the target gene and consequent degradation of the encoded protein. 87 This approach has been utilized to identify and evaluate gene vulnerability in different models of metabolic state that mimic the microenvironmental niches encountered by Mtb in vivo. These models are described in further detail in section 8.
4.2.3. Cell Washout. Target vulnerability can be assessed using cell washout experiments for drugs with long residence times on their protein target. 88 Drugs that have slow off-rates or which are covalent inhibitors will remain bound to the target for an extended period after drug has been removed from the system. In the case of a target with low vulnerability, washout of drug after treatment of cells will result in reversal of the drug's effect. This may arise due to degradation of the drug-target complex in the cell or rapid synthesis of new target after removal of the drug. In the case of a highly vulnerable target, drug effects will be prolonged after washout of the drug. In the case of antibiotics, this is known as the postantibiotic effect.
4.2.4. Additional Considerations. Whether a target is vulnerable is also influenced by Mtb's environmental conditions and replication state. Therefore, it is crucial to assess target vulnerability under different in vitro and in vivo conditions to evaluate the prospects for favorable chemical inhibition under varying in vivo conditions. Moreover, it has been reported that the expression level of some targets is much higher than needed for normal cell growth. As a result, if even 97% of the target is depleted or inhibited, little effect on cell growth is observed. 86 High concentrations of drug are required to have efficacy with these types of targets.
BIOCHEMICAL ASSAYS TO IDENTIFY SPECIFIC
HITS AGAINST PROTEIN TARGETS Biochemical assays to drive antibiotic discovery against protein targets have been well utilized by big pharmaceutical companies and academic laboratories during the last two decades. Much preparation is needed before establishing a biochemical target-based enzymatic high throughput screen. Usually the process begins with evaluation of target essentiality. A critical metabolic pathway is identified. Targets within that pathway are evaluated. Gene knockouts should result in loss of cell viability. In addition, it is desirable that the gene is unique to Mtb, with no close human homologues.
To have sufficient target protein for biochemical screening, the protein needs to be expressed in a bacterial host. Identification and synthesis of the enzyme substrate is required for the assay. This requires molecular knowledge of the role the encoded protein plays in the entire pathway, including its relationship with other proteins encoded by adjacent genes. A robust activity assay needs to be established that provides sufficient signal, usually optical, in a screening assay. After finding a hit in a screen, an X-ray crystal structure of the target protein and protein-hit complex are desired to guide rational optimization of the hit into a lead compound.
Designing a drug that targets a single protein in an exclusive, highly specific manner has been a goal of chemotherapeutic developers since Ehrlich first introduced the idea of a magic bullet. 89 With the extensive advances in biophysical methods over the last few decades, one might assume that rational design of inhibitors using protein-compound cocrystal structures and structure−activity relationship studies in combination with biochemical target-based enzymatic screening would have yielded inhibitors with tight binding of and high specificity of their targets. Disappointingly, after more than a decade's efforts, target based enzymatic screens have not yielded a successful anti-TB drug candidate. 90 biochemical enzyme inhibitors into whole-cell active antimicrobials turned out to be far more difficult than anticipated. The reasons for the failure are multiple.
Binding Affinity Is Insufficient for Drug Activity
The biochemical assays are driven by binding affinity for a single target. Failure of inhibitors to permeate the bacterial cell is the primary problem of compounds selected in enzymatic screens. Many libraries of compounds originally screened were designed for use against mammalian cells. 91 Considering the unique mycobacterial cell wall that includes mycolic acid, the cell wall is extremely difficult to penetrate. 92 Although care can be taken to monitor biophysical properties of the selected compounds, 93, 94 these properties are more difficult to engineer after a hit is identified.
Cellular Efflux Can Eliminate Excellent Inhibitors from the Cell
Enzymatic screens neglect cellular efflux issues. Even if compounds can pass through the cell membrane, it is likely that efflux pumps can pump them out of the cytosol, thereby reducing the cellular concentration of the compound to which the target is exposed. Efflux pump activity is a common source of intrinsic, i.e, endogenous, resistance of bacteria to new compounds. 95−97 Hence, the balance between the rate of compound uptake (via cell permeation or bacterial transporter) and efflux out of the cell is critical for establishing sufficient accumulation of the compound in the cytosol to achieve whole-cell antibacterial activity.
Host or Bacterial Metabolism Can Rapidly Inactivate Excellent Inhibitors
Compounds selected through enzymatic or biochemical screens can be inactivated in vivo by Mtb or host metabolism. 9 Biochemical assays do not select against compounds that are easily inactivated by either type of metabolism. Based on experience and drug development precedent, a medicinal chemist can often recognize and avoid host metabolic liabilities. Predicting microbial metabolism of new chemical entities is more challenging.
Unfavorable Binding Kinetics Can Reduce the Efficacy of Excellent Inhibitors
Typically utilized biochemistry assays measure the binding affinity (IC 50 as a surrogate for K i ) at constant compound concentration. Thermodynamic equilibrium parameters do not fully reflect the target occupancy which is achieved in the human body. The human circulatory system represents a dynamic environment where drug concentration is timedependent due to metabolism, distribution, and execretion. 98−100 If the compound's rate of dissociation from the target is comparatively slow, activity can be retained despite clearance of the drug from the circulatory system. Ignoring drug residence time on the target is postulated to be another primary shortcoming of reliance on biochemical screens. 
Pro-Drugs Are not Readily Identified in Biochemical Screens
Biochemical target-based enzymatic screens lack a system for the identification of pro-drugs. As outlined in section 3, many current TB drugs are pro-drugs which become activated once inside the mycobacterium. Specific activating enzymes not currently used by TB drugs, and thus less likely to encounter resistance, have not been systematically identified. Thus, testing in a whole-cell context is currently a more expeditious avenue to identify pro-drugs that may undergo transformation to an active drug once inside the mycobacterium.
FRAGMENT SCREENS: AN INTERMEDIATE STEP TO WHOLE-CELL SCREENS
Because of the limitations outlined in section 5, TB drug discovery efforts began to revisit empirical or target-based whole-cell screens. Fragment-based approaches have been applied to both enzymatic and whole-cell screens. For the enzymatic target-based approach, inhibitors of a selected protein target are developed with the help of computational simulation, X-ray crystallography, and biophysical approaches. A primary fragment can be built upon using fragment growing and fragment linking computational approaches. The resulting compound is evaluated for its target-binding affinity. Cocrystallization with the protein can provide further guidance for compound development. Although the inhibitor design process is logical and rationally based on structural biology information, the target protein is totally isolated from its physiologically relevant environment. 102−105 Thus, the limitations of enzymatic screening still apply.
One of the strategies employed to overcome the shortcomings of in vitro enzymatic screens is screening fragments against whole bacterial cells. A fragment-based whole-cell screen usually starts with screening assays to find weak binding affinity small molecules. If the target of the weak binding molecule can be identified, further structural biology based modification may be undertaken. The modification of the small molecule should enable filling of the binding pocket and enhancement of the interaction between the small molecule and the residues in the binding pocket. In the case of two small molecules binding with the same target in different sites, these two fragments could be linked through a chemical linker to gain binding affinity. 106, 107 The advantage of small fragments is that they have better PK properties. They are small molecules (<300 Da), and they have better water solubility, which leads to better tissue distribution. In addition, they are moderately lipophilic, which allows good cell penetration. The combination can overcome the major downside of enzymatic screening, if care is taken to maintain these properties during modification of the initial fragment.
Fragments are likely to be taken inside the bacilli and acted upon by native enzymes inside the cell. In this fashion, the fragment is a pro-drug that can potentially hit multiple targets. 106 The pro-drug mechanism of action is complex, but this strategy has been proven to be effective in the drug discovery of antimicrobials. Old anti-TB drugs, like INH and PZA, are dirty fragments: they are small molecules, they hit multiple targets, and they are metabolized inside bacilli to become biologically active.
Finally, fragments selected from screening can also be tested in animal models directly in hopes of finding the next PZA, and medicinal chemistry may be applied later to optimize the PK profile. In this case, one hopes for in vivo conversion of a fragment into a target-binding compound.
TARGET-BASED WHOLE-CELL SCREENING
Fragment-based whole-cell screening was designed to solve compound permeability problems of enzymatic screens and potentially to select compounds acting on multiple targets. In contrast, target-based whole-cell screening is designed to identify compounds that can penetrate the cell envelope and specifically inhibit the target protein within the cellular environment. Target-based whole-cell screening utilizes conditional mutant strains in which the cellular concentration of a target gene is adjusted to bias compound selection for molecules that bind the desired target. Oftentimes, but not always, Mtb surrogates are used to eliminate biosafety concerns.
Mtb Surrogates for Whole-Cell Screening
For any type of screening for anti-TB drugs based on millions of compounds, it is risky and highly regulated to handle large volumes of Mtb cultures. Infectious cultures, robotics, and microplates must be handled at biosafety level 3. Considering the slow growth rate, and more importantly, how readily Mtb cultures are aerosolized, several microbes have been explored as surrogates for anti-TB drug screening. 108, 109 Mycobacterium smegmatis (M. smeg) and Mycobacterium bovis BCG (M. bovis BCG) are the most common surrogates for Mtb. Using M. smeg or M. bovis BCG as a surrogate has been widely explored in both academic and industrial laboratories. M. smeg and M. bovis BCG are genomically related to Mtb. In fact, M. bovis BCG has a genome that is >99.9% identical to Mtb and M. smeg shares 70% genomic identity with Mtb. 110, 111 Unlike Mtb, both microbes have low pathogenicity. M. smeg has a shorter generation time, so only 1−2 days are required for inhibitor screening. Likewise, when using ATP content as a readout for M. bovis BCG whole-cell screens, the incubation time can also be as short as 48 h. 7 Due to the higher genomic similarity between Mtb and M. bovis BCG than between Mtb and M. smeg, M. bovis BCG has a higher sensitivity for anti-TB drug screening and is a better Mtb surrogate.
There are multiple studies comparing the use of M. bovis BCG and M. smeg as surrogates for screening for Mtb growth inhibitors. In one study, a parallel screen with the three microbes was conducted. Of the approximately 2000 compounds screened, ∼50% of the compounds active against Mtb were not active against M. smeg, while ∼20% were not active against M. bovis BCG. 112 The percentage of undetected compounds is related to the assay cutoffs selected. Moderate variations in the percentage of growth inhibition at the compound concentration used could result in detection of activity in Mtb but not in a surrogate strain. This difference is illustrated by GlaxoSmithKline's (GSK) antimycobacterial screening campaign. GSK found that 55% of the hits that are active against M. bovis BCG are active in Mtb at a compound concentration of 10 μM. However, if the compound concentration is raised to 25 μM, the percentage of hits that translate from M. bovis BCG to Mtb increases to 86%. 113 Conversely, Stanley et al. found that among the Mtb hits that they had obtained from a whole-cell screen, only 20% were active in M. smeg. 114 The overlap with M. bovis BCG was slightly better, but it was still low. 114 Therefore, the correlation of cross-species hits depends on the entities in the compound collection as well as the concentration of compound selected for screening.
One may conclude that M. smeg is never as good a surrogate as M. bovis BCG. However, we remind the reader that bedaquiline, the first FDA-approved anti-TB drug in 50 years, was identified through screening a compound library against M. smeg. 59 The possibility of using M. smeg as a surrogate for MDR Mtb clinical isolates has also been explored. M. smeg has low susceptibility to RIF and INH, two frontline anti-TB drugs. 115 Therefore, compounds which target InhA or RNA polymerase should be eliminated if M. smeg is screened in place of MDR Mtb. Among 50 compounds that are active against drugsensitive Mtb with an MIC < 12.5 μg/mL, 27 were found to be active against MDR Mtb. Of these 50, 21 were active against M. smeg, and all 21 actives were from the MDR Mtb-active subset of 27 compounds. 116 Thus, the specificity of M. smegbased screening for MDR Mtb inhibitor screening is 100% and the sensitivity is 78%. This small test set suggests that M. smeg maybe a good choice as a surrogate of MDR Mtb for drug screening to eliminate the risks from using the difficult to treat infectious MDR Mtb. However, the assay was tested based on compounds that were already known to be active against drugsensitive Mtb. If M. smeg was used in a primary assay for inhibitor screens, the specificity and sensitivity might be significantly lower.
Another less explored approach is to use a Mtb auxotroph that can be grown at biosafety level 2. One example, Mtb mc 2 6206 which is an auxotroph in pantotheine biosynthesis (ΔpanCD, ΔleuCD) and is nonvirulent 117 is described in further detail in section 8.2.3.
Approaches to Target-Based Whole-Cell Screening
Compounds may be selected against specific targets inside the cell using a variety of methods. Some methods lower the amount of protein target in the cell to sensitize the cell to any compound that targets the protein of interest, generally through inducible transcriptional control. Other methods rely on cellular enzyme activity reporter systems. Additionally, screens targeting specific promoters or regulons have been used. Because the method selected is very target dependent, we describe several case studies below to exemplify the types of approaches that can be taken.
7.2.1. Reduction of Target Level. Under-expression or overexpression mutant strains are expected to sensitize or desensitize Mtb's response to the inhibitor that is acting on the specific protein expressed. Most commonly, a tetracyclinesensitive promoter is utilized to turn transcription on or off, 118,119 depending on the system selected. Alternatively, an antisense interference system may be used. 120 Abrahams et al. chose three genes as their targetspanC, lysA, and icl1to explore the feasibility of target-based wholecell screening on Mtb. 119 These three targets were chosen for their known roles in CoA biosynthesis, lysine biosynthesis, and energy generation through lipid metabolism, respectively. These targets are considered essential for Mtb survival. 82,121−124 Experiments with PanC were carried through to high-throughput screening (HTS) as proof of concept.
Conditional gene expression systems based on the tetracycline (Tet)-regulatable promoter were generated: TetONs for overexpression and Tet-OFFs for under-expression. Known PanC inhibitors were tested on a panC Tet-OFF strain. Hypersensitivity to the known inhibitors was observed due to the silencing of target genes and correlated with reduced levels of target in the cell.
To make the mutant strain directly employable in highthroughput screening, they constructed conditional mutants that also express gf p to quantify bacterial growth by fluorescence readout. The addition of GFP did not affect the growth rate of Tet-OFF mutants, and the fluorescence correlated well with bacterial growth. The fluorescence-based A set of compounds was tested against WT and panC Tet-OFF GFP . Compounds which showed greater potency against panC Tet-OFF GFP than WT were identified as primary hits. Primary hits were counter screened by testing against panC Tet-OFF GFP in the presence and absence of anhydrotetracycline. Only hits that displayed increased potency in the group with the presence of anhydrotetracycline were selected as PanC specific inhibitors. Although inhibition by these compounds could be rescued by addition of pantothenate, none of them showed activity in enzymatic assays with isolated PanC enzyme. Thus, the inhibitors appear to target the pantothenate pathway, without inhibiting the PanC enzyme.
However, use of inducible promoters should not be limited to the tetracycline system. The tetracycline-inducible system can be unstable in a high-throughput format. During culturing to accumulate sufficient biomass, strains can accumulate mutations that lead to the loss of promoter induciblility. 125 In the case of LepB, it was necessary to test several native promoters to find a suitable system. 125 LepB catalyzes the cleavage of the N-terminal signal peptide from preproteins. LepB is a key enzyme in the general protein secretion pathway of Mtb and its depletion affects Mtb cell survival and growth. Bonnett et al. 125 generated eight strains in which expression of their target gene lepB is under the control of different native Mtb promoters to find a strain suitable for high-throughput screening. The most suitable strain for highthroughput screening was chosen by optimizing maximum depletion of lepB expression and minimum influence on growth rate as compared to WT Mtb expression and growth. The high-throughput screening was conducted using a dual read-out approach to avoid off-target hits on signal generation. A pCherry10 expression vector was introduced into different strains in order that bacteria growth could be monitored simultaneously by optical density and fluorescence. 127 chose Mtb biotin synthesis as their target. BioA is a 5′-pyridoxal phosphate (PLP)-dependent aminotransferase that catalyzes the reductive amination of 7-keto-8-aminopelaragonic acid to 7,8-diaminopelargonic acid. 128 BioD, a downstream enzyme in the pathway, catalyzes the carboxylation of 7,8-diaminopelargonic acid to dethiobiotin. 129 Biotin biosynthesis has been validated genetically to be essential for Mtb's replication and persistence in vivo. 130 BioA was chosen as the target because its essentiality and vulnerability in biotin biogenesis had been established. 130 From biochemical target-based screens, 298 noncytotoxic hits were identified through a fluorescence-based BioA enzymatic assay followed by a counter screen to exclude compounds that also inhibit BioD. Subsequently, biochemical hits were tested against WT Mtb with or without biotin supplementation to identify which compounds had activity that could be bypassed by exogenous biotin. These hits were assumed to be targeting biotin synthesis or biotin dependent proteins.
Hits that passed the biotin supplement secondary screen were further counterscreened in BioA under-expression and overexpression strains. This secondary screen was used to prioritize hits based on on-target whole-cell activity. Those hits that had improved MICs in the hypersensitive underexpression strain and decreased MICs in the hyposensitive overexpression strain were judged to be acting on the BioA target. Several promising hits were cocrystallized with BioA and these structure-based tools provided a basis for efficient and rational optimization in lead compound development to improve target engagement, a process that is more difficult with empirical whole-cell screens.
This work demonstrated a thorough biochemical targetbased screening approach followed by pathway whole-cell counter screens for on target hit confirmation and structural characterization of several hit-target complexes to provide a starting point for hit optimization. These development efforts have resulted in a nanomolar inhibitor, compound 36, that remains on target (Figure 4 ). 131 7.2.3. Off-Target Hits Can Be Essential. Intracellular pH homeostasis is important for Mtb survival in the phagoendosome of the macrophage. In addition, hypoxia is thought to lead to acidification of Mtb through increased reliance of Mtb on glycolysis and subsequent accumulation of glycolytic products. 153 MarP is a transmembrane serine protease that is required for Mtb to maintain a neutral pH intracellularly in the presence of external acidity. 162 Darby et al. utilized a targetbased screen for disruptors of intrabacterial pH homeostasis that relied on a pH-sensitive fluorescent reporter protein. 159 However, none of the compounds identified targeted the essential gene encoding MarP.
Therefore, Zhao et al. 153 performed a comprehensive lead generation and characterization campaign against MarP protein. They demonstrated that lead BO43 (Figure 4) , a benzoxazinone class of compounds, acted on the desired target, MarP. However, they observed that BO43 retained efficacy in a marP-deficient Mtb strain. Using an alkyne version of B043 and affinity purification through conjugation to an azido-biotin handle they successfully identified a second target protein, HtrA1. BO43 binds to both MarP and HtrA1. HtrA1 is high temperature requirement A1 homologue Mb1255, and its Table 2. function is not fully understood. However, htrA1 is an essential gene in Mtb that had not been previously implicated in pHhomeostasis through genetic essentiality screens. The presumption is that the gene was not represented in the gene mutant libraries used because it is essential for Mtb growth.
The work on MarP highlights the importance of using complementary approaches for target identification, even when a presumptive target has already been identified for use in a compound screen. Despite using a target-based enzymatic screen, after hit or lead selection, much work must be done to determine whether the lead maintains target fidelity and to establish the mechanism of action of the lead in the cell. BO43 exemplifies that inhibitor action on several targets may be required for efficient antimycobacterial cell killing.
7.2.4. Target Mechanism-Based Screens. A targetbased whole-cell screen can also utilize a specific enzymatic function of the target protein to develop a cellular assay. Moreira et al. developed a target mechanism-based whole-cell screen approach to identify inhibitors of caseinolytic protease (ClpP1P2) inside the cell. 163 ClpP1P2 is a serine protease found in a wide range of bacteria, and it is mainly responsible for the degradation of partially synthesized and misfolded proteins including regulatory transcription factor WhiB3. 164 An engineered M. smeg strain expressing a caseinolyticprotease-specific (SsrA) degradation signal peptide fused to GFP was constructed. The ssrA tagged gfp gene was under the control of a tetracycline-inducible promoter. Under native conditions, ClpP1P2 degraded SsrA-GFP's fluorescence to a background level. When ClpP1P2 was inhibited, there was an accumulation of SsrA-GFP in the cell which resulted in an increase of fluorescence signal. Thus, inhibition of the catalytic function of ClpP1P2 could be detected by fluorescence in a high-throughput screening format.
As one of many controls to determine if hits were target selective, a second fluorescent reporter strain was constructed using SsrA-fused to mCherry protein under the control of a constitutive p38 promoter. This strain was used to counterscreen and to find false positive hits which might result from interference with the tetracycline-dependent reporter system or green fluorescence. In a high-throughput screen of a set of ∼500 000 compounds, 86 of 89 early hits that showed dosedependent inhibition in the GFP screen was lost in the mCherry based counterscreen, leaving only three hits. The high attrition rate between these two screening approaches indicates the care that must be taken to ensure reporter systems are not the target of compounds selected. Regardless, this work demonstrates that target mechanism-based wholecell screens are a viable approach for antimycobacterial drug discovery.
In a second example, Rybniker et al. 165 targeted structural and regulatory EXS-1 components using a whole Mtb cell screen in combination with a mammalian cell survival readout. EXS-1 is a major virulence protein type VII secretion system, that is comprised of regulatory and structural proteins as well as ATPases. ESX-1 plays an important role in Mtb cell invasion and replication. The ESX-1 locus is missing in M. bovis BCG, a strain which is sufficiently attenuated to use as a vaccine. 166 Correspondingly, ESX-1 is not essential for bacterial growth under liquid culture conditions, and thus it will not be targeted by conventional whole-cell screen formats.
Rybniker et al. developed a whole-cell-based high throughput screen that tests the toxicity of secreted virulence factors against mammalian cells to identify compounds that target ESX-1 function. They compared the cell viability of MRC-5 lung fibroblasts infected with WT Mtb that had been treated with 10 880 different compounds and counterscreened to eliminate compounds with antimycobacterial activities. They found that 90% of the compounds that protected the lung fibroblast cells from death upon Mtb infection do not inhibit Mtb growth in culture. Of the 91 hits, 55 maintained activity when rescreened in the lung fibroblast assay, and they did not affect mycobacterial growth directly. 165 This assay has the additional advantage of directly selecting against hits that show mammalian cytotoxicity and directly selecting for hits that are active intracellularly in the primary screen.
7.2.5. Native Promoter Response. Another example of a target-based approach for antimycobacterial development is whole-cell screening for compounds targeting Mtb cell wall synthesis. iniBAC is a promoter that is specifically induced by inhibitors of cell wall synthesis. 167 By fusing a luciferase with the promoter, the induction level of iniBAC can be monitored, and as a result, compounds whose mechanism of action is related to cell wall synthesis can be selected. This approach has led to the discovery of SQ109 and thiophenes as Mtb cell wall synthesis inhibitors (Figure 4) . 132, 137, 168 In the respiratory pathway of Mtb, the cydAB operon encodes the two subunits of cytochrome bd oxidase and is upregulated upon Mtb encountering respiratory stress and low oxygen tension. 169, 170 An engineered M. bovis BCG strain was created by fusing an mWasabi reporter to the putative promoter (PcydAB) for the Mtb cydAB operon. With this reporter strain, inhibitors potentially targeting respiration and the electron transport chain are detected by monitoring the fluorescence signal from the reporter.
138 DG70 was identified and selected through a screen of 168 compounds with known anti-Mtb activity due to its prominent induction of the PcydAB promoter ( Figure 4 ). Further work on target identification revealed that DG70 inhibits MenG, a demethylmenaquinone methyltransferase, in the menaquinone biosynthesis pathway. DG70 showed extraordinary bactericidal activity against nonreplicating persisters in a nutrient starvation model, which highlighted the importance of menaquinone biosynthesis and respiratory chain for the survival of nonreplicating Mtb persisters. 138 
Limitations of Target-Based Whole-Cell Screening
One limitation that is seen in target-based whole-cell screening utilizing under-expression strains is that primary hits are not very potent against wild-type Mtb. The higher expression level of the target gene in WT can abrogate activity. Thus, using under-and overexpression of a target's gene may not yield the desired result. A major concern is that target vulnerability was not assessed for many of the targets screened before target selection. Target vulnerability and bactericidal potential need to be fully evaluated before proceeding to target-based wholecell screens to improve success.
In some cases, the compound that appears to act on a target intracellularly may not bind to the same target in vitro. Furthermore, a lot of work remains to improve compound potency before delivering a drug candidate. Optimization of hits without structure-based guidance is more challenging.
The phenotype that results from compound treatment depends on the mechanism of action. Although based on the premise of biasing toward a single target, target-based wholecell screening does not guarantee selection of compounds that bind to only one protein. Whether this is a limitation or advantage is compound specific. However, the target-based assay is a useful means of determining how a specific compound works later in drug development. 171 With a dearth of hits being transformed into drug leads that have in vivo efficacy, screening efforts have turned to wholecell screening systems that better mimic the in vivo environment with a reduction of focus on prior target identification.
REPLICATING INFECTION CONDITIONS IN
WHOLE-CELL SCREENING When mycobacteria are engulfed by a macrophage through phagocytosis and delivered to the phagoendosome, Mtb arrests phagosome maturation. Mtb can reside intracellularly in host macrophages for decades and escape killing by the host immune system. As the granuloma is formed by recruitment of additional immune cells to wall off the infected macrophage, many macrophages in the granuloma accumulate lipid bodies and become foamy. Phagosomal mycobacteria reside in juxtaposition to these lipid bodies ( Figure 5) . 172 Mtb accumulates lipids and cholesterol, particularly during dormancy in the granuloma, 172−174 and uses these carbon sources in vivo for energy generation. 175 Mtb has dedicated metabolic pathways expressly for catabolizing these lipids. 176, 177 In the infected macrophage and granuloma, Mtb encounters different types of stresses from host immune system defense against infection and mechanisms to eradicate infection ( Figure 5 ). These stresses include growth limiting nutrient conditions in the macrophage, low pH in the phagoendosome, a hypoxic environment due to restriction of circulation in the tissue, accumulation of acidic metabolites due to reliance on glycolysis in a hypoxic environment, and the production of reactive oxygen species (ROS) and reactive nitrogen intermediates (RNI) as macrophage defense against bacteria. To survive, a subpopulation of Mtb reversibly adopts a nonreplicating persistent state.
These nonreplicating subpopulations are metabolically resistant to most current TB antibiotics 178 and are thought to be one reason for the long treatment times required to sterilize Mtb infection in the patient. Nonreplicating persistent Mtb can be defined as two classes. 179 Class I Mtb persisters are defined as cells that are reversibly tolerant to one or more antibiotics but not necessarily to their combination. 179 Class II persisters are cells formed under externally applied nonreplicating conditions that exhibit drug tolerance to almost all antibiotics. 179 Screens that target Mtb in this nonreplicating state provide an important opportunity for finding better chemotherapeutics that will shorten treatment times by sterilization of persistent mycobacterial subpopulations. An extensive review has recently been published describing TB drug development efforts against nonreplicating persister subpopulations. 179 Here we focus on types of screens that are utilized to mimic in vivo conditions, including the nonreplicating state. These examples provide context and insight into where future screening efforts might focus. Strategies that have been taken focus on exposing mycobacteria to a single stress or multiple stresses in culture conditions to replicate the environment in the granuloma and more elaborate in vitro infection models that can be adapted to chemical screens.
Single-Condition Whole-Cell Screening
The culture medium that provides optimal growth of Mtb in the laboratory does not replicate the conditions encountered by Mtb in vivo. Different methods to mimic the environment Mtb encounters in the granuloma with liquid culture have been undertaken. These conditions include utilizing the lipid carbon sources primarily available to Mtb in the granuloma and exposing Mtb to stresses delivered by the immune system and macrophage, such as low pH and reactive oxygen or nitrogen species. Models for the nonreplicating population of persistent Mtb include cultures depleted of oxygen, 180−183 starved of nutrients, or using a lipid carbon source, 184−188 acidic culture conditions, 153, 159, 162, 189 biofilms, 145, 190, 191 and a streptomycin dependent model. 192, 193 8.1.1. Fatty Acid Carbon Sources. Mtb can metabolize different carbon sources simultaneously. 194, 195 In the lipid-rich intracellular environment, Mtb metabolism adapts to the available nutrients. Fatty acid and cholesterol metabolism genes are upregulated and many are required for intracellular survival and persistence. 196−200 Mtb utilizes host-derived lipids such as fatty acid and cholesterol as carbon sources. 14, 177, 200, 201 Therefore, numerous studies have utilized fatty acids such as palmitate, 202, 203 butyrate, 160 acetate, 114, 150 and cholesterol 150 as the major or primary carbon source in in vitro screening assays to imitate the host environment. Early et al. conducted a high-throughput screen using butyrate medium to identify growth inhibitors of Mtb. 160 They tested the growth rate of Mtb in media with different short chain fatty acids used as the primary carbon source, e.g., acetic acid, butyric acid, isovaleric acid, and palmitic acid. Of these fatty acids, butyrate gives the most robust growth. After a screen of ∼87 000 compounds in butyrate medium, the primary hits were counter screened in glucose medium to identify compounds with butyrate-dependent activity. Among the 166 confirmed hits, a set of compounds was identified to be members of the oxadiazole family ( Figure 6 ). The oxadiazole class of compounds was already known for its broad antimicrobial activities. Other longer chain and sterol carbon sources have been underutilized due to the difficulties in using these lipids in culture solution in high-throughput screening formats. However, see section 8.3 for approaches which circumvent these limitations.
8.1.2. Hypoxia. The classic model of hypoxia was developed by Wayne and Hayes. 181 This model relies on a low dissolved oxygen saturation (0.1−0.06%) to mimic the hypoxic center of the granuloma in which persistent Mtb is thought to reside. The low oxygen culture solution is generated by stirring mycobacteria in airtight culture and waiting until oxygen is consumed. This approach is not viable in a highthroughput screen format given the variability in waiting time required to generate hypoxic conditions and the reliance on measuring colony forming units (a 3-week analysis using solid media to culture remaining bacteria) to determine MICs.
The Wayne oxygen depletion method was adapted to a fermentor system with continuous oxygen monitoring to systematize when to harvest mycobacterial cells for transfer to high-throughput screening plates. 182, 183 The system was further enhanced by use of a luciferase reporter strain which facilitates determination of cell number remaining after compound treatment. Luciferase directly reports on cellular ATP level and thus is not reliable for determining cell numbers in nonreplicating populations. However, short (1−2 day) incubations of cells under ambient oxygen conditions allows outgrowth of remaining live mycobacteria and quantitative enumeration with little interference from the remaining compound. However, some classes of compounds interfere with the luciferase system, e.g., fluoroquinolones. Therefore, assay hits should be confirmed by direct measurement of colony forming units before proceeding to optimize lead structures. This assay known as the low-oxygen recovery assay, or LORA, has become a staple of screening for Mtb drugs and has been adopted as part of hit to lead advancement criteria in the field. 69 Grant et al. found that only a 20% drop in the dissolved oxygen saturation could result in a stable population of persister Mtb. 180 Antibiotic efficacy is reduced against this population. They also found that, upon treatment with bactericidal antibiotics, the level of dissolved oxygen in the culture directly affects the survival rate of the persister subpopulation through the concentration of hydroxyl radicals generated by bactericidal antibiotics. This observation provided a new approach to drug targeting through potentiating the hydroxyl radical formation with bactericidal antibiotics or by inhibiting the Mtb hydroxyl radical defense system to sterilize persistent infection.
Besides being used as a surrogate of replicating Mtb, M. bovis BCG has also been developed as a surrogate of dormant tubercle bacilli for high-throughput screening (HTS) of inhibitors against nonreplicating Mtb. These assays are all variations on the original observation that hypoxic conditions result in a nonreplicating state and that M. bovis BCG behaves similarly. 158, 204, 205 The chief difficulty for all these assays is how to enumerate remaining bacilli at the end of the assay. The levels of cellular ATP are too low to detect directly.
Nitrate reductase is induced during oxygen depletion. One approach to enumerate remaining dormant M. bovis BCG is through monitoring the enzymatic activity of nitrate reductase. 204, 205 This method improved the efficiency and capability of oxygen depletion dormancy models by replacing CFU counting with enzyme activity monitoring. However, this method could also lead to screening of nitrate reductase inhibitors instead of dormant tubercle bacilli growth inhibitors. As a result, redox dye based assays have been used to assess the drug susceptibility of mycobacteria in aerobic and anaerobic conditions, such as the Alamar Blue assay, the MenadioneTetrazolium assay, and the Resazurin assay. 182,206−210 Another approach is to add nitrate as an electron acceptor to increase the intracellular level of ATP in the dormant state to facilitate detection of ATP with a luciferase reporter system. 158 The latter approach required introducing the Mtb narGHJI locus into M. bovis BCG to circumvent a promoter mutation in M. bovis BCG and to increase nitrate reductase activity to improve detection. Despite increased levels of nitrate reductase, this nonreplicating M. bovis BCG strain still has a low cellular concentration of ATP. Low levels of cellular ATP sensitize bacilli to disruption of ATP synthesis, and compounds that cause further ATP depletion can be bactericidal.
Novartis performed a screen using the M. bovis BCG hypoxia ATP assay. 158 They further adapted the assay to a 1536-well format and screened 600 000 compounds. A total of 866 hits were confirmed to reduce intracellular ATP levels in a dosedependent manner in M. bovis BCG. However, when retested in a Mtb hypoxic ATP IC 50 assay, only 283 (∼35%) hits were active. The relatively low rate of reconfirmation in Mtb was attributed to genomic differences between these two microbes. Even though the two genomes are 99% identical, there are more than 2400 single nucleotide polymorphisms (SNPs) between M. bovis BCG and Mtb that may result in differential expression of potential drug targets and alter drug Figure 6 . Hit compounds identified in whole-cell screens under stress culture conditions and discussed in the text. Also see Table 2 . susceptibilities. After additional screening and cytocixity testing, three new chemical clusters, benzimidazole (BZ), thiophene (TH), and imidazopyridines (IP), were selected for further study and development ( Figure 6 ).
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As evidenced by the discovery of bedaquiline, targeting ATP synthesis and maintenance under hypoxic nongrowing condition is a promising strategy for anti-TB drug discovery. These hypoxic screens provide entry into identification and future development of bactericidal compounds that target persistent nonreplicating subpopulations of Mtb.
8.1.3. Low pH. The acidic microenvironment Mtb encounters in phagosomes is about pH 4.5−5.5. Mtb maintains a neutral intracellular pH through homeostasis mechanisms. 211, 212 Mildly acidic media is used to mimic the pH in phagosomes of immunologically activated macrophages or inflammatory sites of lesions.
Darby et al. developed a whole-cell-based assay to identify compounds that interfere with Mtb's acid−base homeostasis. 159 This screen shed light on which pathways Mtb utilizes to maintain intracellular pH and survive in the acidic conditions of the host. When a marP-(gene encoding pH homeostatic protein MarP) Mtb strain is exposed to low pH 4.5 buffer, the intracellular pH is lowered to 6.5 and a 1.5 log decrease in cell count is observed. Using these cutoffs, a Mtb strain expressing a pH-sensitive protein fluorophore (pHGFP) was used to detect shifts in intracellular pH from neutral to below pH 6.5 upon compound treatment. The assay does not require a long incubation time of compounds with bacilli, as the disruption of intracellular pH can be as quick as 4 h.
Several important controls or conditions were applied in the assay to ensure screening remained on target. Phosphate citrate buffer, pH 4.5 with tyloxapol detergent was used as the medium instead of conventional 7H11 medium which includes Tween and albumin. This was done to avoid the generation of toxic fatty acids from hydrolysis of Tween detergent and albumin at low pH. Secondary screens were performed to identify and eliminate compounds that perturbed intracellular pH by disrupting the bacterial membrane or acting as protonophores. In a test of current anti-TB drugs in this low pH (4.5) assay, only PZA reduced the intracellular pH of Mtb to below 6.5. This result supports a mechanism of action for PZA that includes disrupting Mtb pH homeostasis, and explains the requirement for low pH screening conditions to observe PZA bactericidal activity in vitro. 34 The PhoPR regulon plays an essential role in sensing external pH and adapting Mtb to the acidic environment in macrophages. 197, 213, 214 The PhoPR regulon is essential for Mtb growth in in vivo models of infection. However, it is not required for growth in vitro; a phoPR mutant grows well in rich medium at acidic pH. 215 The Mtb aprABC locus is induced by acidic pH both in vitro and in macrophages. 213 Using the aprA promoter, a pH-inducible fluorescent reporter strain (CDC1551(aprA'::GFP)) was generated. The induction of gf p is fully dependent on PhoPR. 213, 215 Johnson et al. conducted a high-throughput screen from ∼220 000 compounds to select compounds that inhibit pH-inducible fluorescence, but not growth, which were anticipated to be inhibitors of PhoPR pathway. 215 The screening assay was conducted at pH 5.7 in 7H9 rich medium. Ethoxzolamide (ETZ) is a carbonic anhydrase (CA) inhibitor and is approved by the FDA for the treatment of glaucoma. Further transcriptional profiling work verified that ETZ is an inhibitor of the core PhoPR regulon.
Biofilm Model.
Mtb forms biofilms as a form of persistence, and these biofilms contain highly drug-tolerant cells. Therefore, Mtb biofilm development may present a promising drug target to eradicate persistence. 191 Wang et al. developed a high-throughput screening assay based on in vitro biofilm formation to identify compounds against drug resistant and nonreplicating persistent Mtb. 145 M. smeg was utilized as a surrogate for Mtb biofilm formation. M. smeg in biofilm forming medium was incubated with ∼70 000 compounds for 3 days, and optical density was used as an end point readout. The primary hits were tested in a secondary screen for their ability to inhibit in vitro biofilm growth in Mtb. TCA1 ( Figure 6 ) was selected for its potent inhibitory activity against Mtb under both biofilm and planktonic culture conditions. TCA1 exhibits excellent bactericidal activity against both drug-susceptible and drugresistant Mtb strains. It has also been shown that TCA1 kills nonreplicating persistent Mtb and is efficacious in both acute and chronic murine models of TB infection.
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TCA1 inhibits cell wall synthesis and its target was identified as DprE1 by genome sequencing of spontaneous TCA1 resistant mutants. However, TCA1 was still active against a DprE1 overexpression strain under nutrient starvation conditions and could still potentiate INH and RIF activities in this overexpression strain. These activities indicated TCA1 could potentially act on an additional target. Therefore, an affinity pull-down assay was performed with Mtb cell lysates. MoeW, a protein in the molybdenum cofactor biosynthetic pathway, was identified. A molybdenum cofactor is essential for nitrate respiration of Mtb. Upon treatment with TCA1, Mtb completely abolishes the biosynthesis of molybdenum cofactor, which confirms that MoeW is a second cellular target of TCA1.
8.1.5. Carbon Starvation Model. Mtb enters a nonreplicating state and becomes antibiotic tolerant upon nutrient starvation. 186, 187 Nutrient starvation can be achieved by culturing bacteria in phosphate-buffered saline (PBS) 186 or in minimal salt medium (7H9) that has not been supplemented with a carbon source. 184 However, Mtb clumps in PBS culture which prevents its use in high-throughput screening. Minimal salt medium supplemented with 0.05% tyloxapol detergent is suitable for high-throughput screening of Mtb in culture. 184 From a high-throughput screen of ∼300 000 compounds in this carbon starvation model, 116 compounds were selected and found to only have activity against nonreplicating Mtb.
Importantly, in a comparison of hits between LORA and the minimal salt carbon starvation model, only 9 of 52 hit compounds were active in both assays. 184 Four compounds that are highly active in both these assays were selected and tested in two additional nonreplicating Mtb models, a stochastic hypoxic persister model based on 20% dissolved oxygen 180 and a streptomycin-dependent model. 192, 193 Only one compound showed significant activity at a higher concentration in the stochastic hypoxic persister model, and only two compounds exhibited significant activity in streptomycin-dependent model at a higher concentration.
It is worth noting that there is only a minimal overlap of compounds identified in these three models. The reason could be attributed to the diversity of Mtb persister metabolic states under different nonreplicating conditions. It has been shown by transcriptome studies that there is a very little overlap of differentially regulated genes and transcriptomes between different persister models. 113 Initial efforts focused on performing large phenotypic inhibition of growth assays in surrogate strain M. bovis BCG to enable a screening campaign with more than 2 million compounds. The capacity and efficiency of the screening was as high as 16 runs, ∼125 000 compounds per run, and an average throughput of 90 plates per day. 113 The initial screen was followed by hit confirmation in Mtb. Then the primary hits were further tested against the HepG2 liver cell line for cytotoxicity, against Mtb growing in alternative carbon sources and under nonreplicating conditions. After these counter screens, a set of 177 potent noncytotoxic Mtb hits was identified. Among these 177 hits, 7 chemical structural clusters were identified and prioritized based on Mtb MIC and the number of analogues in the hit list. These seven clusters were further evaluated by MIC determination for additional M. tuberculosis strains, MIC determination for intracellular Mtb, activity profiling against eight different bacteria for early assessment of the potential for wide-spectrum activity, a full panel of ADME assessment, and liver cytochrome P450 (CYP) inhibition profiling. Based on these results, one family of compounds, the tetrahydropyrazolopyrimidines (THPP), was advanced into a full lead optimization program (Figure 4) . In GSK's second antitubercular screening campaign, another 250 000 compounds were screened. 218 However, this time, compounds were screened against M. bovis BCG and Mtb in parallel. Compounds showing activity in the primary ATP based assay were further tested in a resazurin-dye reduction assay (MABA) to determine the MIC for Mtb. At this stage, using the criterion of 90% inhibition with 10 μM compound, only ∼20% of the primary hits were detected. The large portion of abandoned primary hits highlights the disconnect between two readouts, ATP concentration determination (Glo assay) and resazurin, and emphasizes that secondary screening must be undertaken to select inhibitors of the bacterium not the reporter system.
Using extensive biological and biophysical evaluation assays, and a series of orthogonal computational approaches based on structural similarity to proprietary GSK historical assay data, 50 of the most attractive compounds were narrowed down to ten compounds that do not share mechanism of action with existing TB drugs. Of these ten compounds, only three were active in the original M. bovis BCG assay. Thus, the majority of novel chemical entities with novel targets would have been eliminated if a surrogate screen was the sole criterion used in the first phase of screening. This study suggests that, despite previous successes, focus on Mtb screening models is paramount to finding new drugs with new mechanisms of action.
It is unclear and difficult to establish which models best represent the real metabolic state of nonreplicating Mtb in humans. The complexity and heterogeneity of both the host environment and Mtb metabolic state call into question using a single condition in culture to represent the in vivo state. Researchers have turned to more sophisticated in vitro assay conditions for answers to increase the likelihood that hits that selected from those models may also work in the host. 179 
Multistress Conditions Used in Whole-Cell Screening
Recognizing that the in vivo environment in which Mtb resides is much more complex than a single stressing condition and with the successes in establishing high throughput screens under stressing conditions, compound screening strategies rapidly turned to stressing Mtb with multiple conditions simultaneously.
As outlined in section 8.1, there are different nonreplicating persister Mtb culture models, and different models tend to have different susceptibilities to the panopoly of TB drugs. 184 The key focus remains which model will lead to the identification of compounds that kills persistent Mtb in the host. 179 8.2.1. Hypoxia and NO-Inducible GFP Reporter Strain. DosRST is a two-component gene regulator that plays an important role in Mtb survival during nonreplicating persistence. 219 Through targeting the DosRST regulator or DosRST regulon, the persistence of Mtb may be perturbed. dosR is a nonessential gene for Mtb in vitro growth. 220 Therefore, by using a fluorescent reporter strain which is engineered to exhibit DosR-dependent GFP fluorescence that is induced by hypoxia and NO, 221, 222 inhibitors of the DosRST regulon under nonreplicating conditions can be identified.
A high throughput screen was conducted in mild hypoxic culture conditions with ∼540 000 compounds. Compounds that inhibited DosR-dependent fluorescence but not Mtb growth were selected as putative inhibitors of DosRST regulon inhibitors. Interestingly, artemisinin, a drug for malaria treatment, was discovered to inhibit the persistence of Mtb. 222 To confirm the hits are on target, comprehensive RNA-seqbased transcriptional profiling compared the transcription of a ΔdosR Mtb strain with wild type transcription upon compound treatment. This work is an excellent example of how to use RNA-seq-based transcriptional profiling to elucidate or confirm mechanism of action, a method which has become a mainstay of mechanism investigation since its introduction to Mtb research in 2004. 169 8.2.2. Carbon Starvation, Hypoxia, and low pH. In a combined stress model developed by Deb et al., 223 cultures were grown in low-nutrient media with 5% O 2 , 10% CO 2 , and acidic pH (pH 5.0) for 18 days, after which Mtb was found to enter a lipid-loaded, drug-tolerant nonreplicating dormant state. 223 Transcriptional profiling of Mtb under the combinedstress model showed that genes in the glyoxylate cycle such as isocitrate lyase and citrate synthase were significantly upregulated and genes in ATP synthesis such as cytochrome c complex and ATP synthase subunit were repressed. Triacylglycerol synthase encoding genes were also upregulated. Storage lipid accumulation is one of the major features of in vivo dormancy. The comparison of transcription profiles of Mtb in combined-stress model and single stress models, such as nutrient starvation, acidic pH, and hypoxia, revealed that nutrient starvation accounted for the major changes in gene transcription. However, the gene expression overlap among the three single stress models was very limited. 223 This combinedstress model was further adapted to a high-throughput model for drug screening by coupling with an outgrowth phase assay for 5 days and the viable cells were quantified by Alamar blue assay. 223 Using this multistress dormancy model, 4400 marine natural products were screened against dormant Mtb. 161 A few marine natural products, such as puupehenone ( Figure 6 ) metabolites, were identified with selective antimycobacterial activity against dormant Mtb. 224, 225 developed a multistress model for high throughput screening against nonreplicating Mtb. The multistress model includes four conditions that Mtb is likely to encounter in the host simultaneously, including mild acidity (pH 5), hypoxia (1% O 2 , 5% CO 2 ), a flux of nitric oxide and other RNI (0.5 mM), and fatty acid (0.05% butyrate) as a carbon source. As discussed in section 8.1.2, the problem with developing screening assays against nonreplicating Mtb is its low ATP level. Therefore, it is often accompanied by a prolonged outgrowth phase to improve the readout signal, which can be either a luciferase or intracellular ATP level as an indicator of biomass. In the nonreplicating phase of the assay, Mtb cultures under the multistress conditions were incubated with the compounds for 3−6 days, after which aliquots were taken and diluted into replicating conditions. After 7−10 days of outgrowth, the optical density of each well was read to determine the MIC of compounds against nonreplicating Mtb. To eliminate the compounds that are inactive against nonreplicating Mtb but are potent enough against replicating Mtb after dilution, they ran two assays in parallel: the nonreplicating Mtb assay and an assay under replicating growth conditions. By adopting this model, GSK conducted a high-throughput screen against nonreplicating Mtb based on a library of 270 000 compounds. A total of 166 hits were confirmed among which 19 nonreplicating specific hits were characterized by evaluation of potency, specificity, cytotoxicity, and stability. 147 Using the same screening assay, Gold et al. identified oxyphenbutazone (OPB), a nonsteroidal anti-inflammatory drug, as a conditionally bactericidal antibiotic to nonreplicating Mtb under mildly acidic conditions, and OPB activity was augmented by the addition of nitrite and fatty acid (butyrate). 224 Further study revealed that, under acidic conditions (pH 5.5−4.5), OPB undergoes oxidation to become 4-OH-OPB that kills both replicating and nonreplicating Mtb, including drug-resistant strains. 224 This work was conducted using the Mtb mc 2 6206 strain at biosafety level 2. Mtb mc 2 6206 is an auxotroph (ΔpanCD and ΔleuCD) that is nonvirulent. 117 In addition, knockout of panCD and leuCD does not affect susceptibility of the strain to major TB drugs. 226 Thus, this is an auxotrophic Mtb strain that is an excellent replacement for surrogate strains to enable robotic screening to be performed at biosafety level 2 rather than level 3.
Six compounds (PBTZ-169, 142 THPP, 134 Spiro, 134 indolcarboxamide, 135 imidazopyridine, 151 and TCA1 145 ) identified in whole-cell screens were tested in animals. Three of them (PBTZ-169, 142 indolcarboxamide, 135 and TCA1 145 ), including one identified in a stress screen (TCA1), are effective against both acute and chronic models of infection. PBTZ-169, which has low activity against nonreplicating Mtb in vitro, has been advanced to clinical trials. It is not clear whether the remainder of the identified compounds lacked efficacy and were not reported or if poor pharmacokinetics precluded testing them. It remains to be determined whether sterilization times in humans, and thus treatment times, will be shortened with the use of the identified compounds. With the limited testing that has been performed, it is unclear how effective a strategy screening compounds in stress models is for identifying compounds that will target nonreplicating and persistent populations in the host.
Intracellular Infection Screens
Chemical screening against the replication of Mtb within macrophages served as a secondary assay for intracellular evaluation of primary hits due to its limitations such as slow bacillary growth and requirements for enumerating remaining bacteria by solid media culture which takes 2−3 weeks (CFU counting). With development of high-content screening methods, the intracellular assay can be used to screen large numbers of compounds in a relatively short period of time. Chemical screening against Mtb-infected macrophages allows the direct identification of inhibitors in a complex, more physiologically relevant environment. This type of screening assay also facilitates the discovery of compounds that are acting directly on the function of the host cell to interfere and abolish the manipulation of host cell-signaling by Mtb and thereby boost the host response to eradicate the infection. At the same time, the macrophage serves as a filter to select compounds that can penetrate both the macrophage and the Mtb cell envelope. Moreover, macrophages can induce efflux pumps in Mtb. Screening compounds against infected macrophages helps to select compounds that are not removed from the cell by efflux. 227 Additionally, screening directly in infected macrophages identifies compounds that are cytotoxic.
Because each macrophage is infected with 1−2 bacilli, detection of changes in Mtb number is a challenge. Therefore, microscopic imaging has been employed to perform high content screens. A human macrophage cell line (Raw 264.7 macrophages) was infected with Mtb-GFP at a multiplicity of infection (MOI) of 1:1 at 37°C for 2 h. Remaining extracellular bacilli were removed by washing and treatment with amikacin. The growth of bacilli was monitored by fluorescence. The infected cells were incubated with compounds for 5 days after which the images were acquired by confocal fluorescent microscopy, and levels of fluorescent bacilli remaining were obtained from image analysis.
In a chemical screen based on ∼60 000 compounds, 135 noncytotoxic hits (hit rate: 0.2%) with high potency, MIC < 5 μM, were selected. Among them, dinitrobenzamide derivatives were identified as highly potent compounds against Mtb, including extensively drug-resistant Mtb strains. Dinitrobenzamide was also used as a tool compound to identify its target. This class of compounds inhibits arabinan biosynthesis by targeting DprE1, a decaprenylphosphoryl-β-D-ribose 2-epimerase. Together with the previous discovery that the mechanism of action of BTZ is also through the inhibition of DprE1, 228 the intracellular vulnerability and drugability of DprE1 was confirmed as a promising drug target for drug-resistant TB treatment.
The same high-content screening method based on a set of 121 156 compounds led to the identification of a series of imidazopyridine amides (IPA) as promising anti-TB agents that target the respiratory cytochrome bc1:aa3 complex, 152 specifically the B subunit (QcrB). A lead optimization program identified Q203 (Figure 7) , a potent clinical candidate for TB treatment. Despite its nanomolar in vitro activity and excellent PK profile, Q203 only inhibits bacilli growth, that is, it is bacteriostatic, and does not kill persistent bacteria. Recent studies have shown that the alternative Mtb cytochrome bd oxidase compensates for cytochrome bc1:aa3 inhibition to maintain ATP synthesis at a level that keeps bacilli alive. Knockout of the cytochrome bd oxidase encoding gene cydAB is required to convert Q203 to a bactericidal drug. 229 Therefore, these two respiratory oxidases for oxidative phosphorylation provide a pair of potential targets for combination drug therapy.
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8.3.2. Infected J774 Macrophage high Content Screen. A similar high-content screening was conducted with a group of known bioactive compounds against Mtb infected macrophages. The aim was to identify host-targeted compounds that can block host responses utilized by Mtb for pathogenicity and persistence. 230 Stanley et al. compared different cell lines for the best reproducibility and robustness as macrophage models. Among THP-1, Raw 264.7, and J774 cell lines, they found that J477 cells provided the most consistent growth of intracellular Mtb. Instead of 5 days postinfection in Raw 264.7 cells, they chose 3 days as the optimal time point for measuring bacterial growth in J774 cells, as the Mtb infection levels were homogeneous and no apparent cell death occurred. 230 Their screen utilized ∼2000 compounds known to be bioactive in key mammalian signaling pathways. They included kinase, GPCR, ion channel, membrane transport, and inflammation inhibitors. They identified 133 hits that can be categorized into five groups based on their annotated biofunctions. These hits most likely function by interacting with host pathways to block Mtb intracellular replication and they serve as tool compounds for the identification of essential host pathways or targets that are modulated by Mtb as part of its intracellular virulence.
8.3.3. High-Throughput Screen of Infected Macrophages. Fully automated fluorescence microscopes in combination with fluorophore or luciferase-expressing bacilli can be used to monitor intracellular infection, bacilli localization, and viability. However, high-content imaging is relatively slow in terms of sample processing due to tedious sample image acquisition and data analysis. In addition, the microscopic imaging devices are expensive and space consuming. 10 Thus, finding methods to adapt optical screening methods to Mtb-infected macrophage platforms is essential. Intensity-based high-throughput screening assays utilize a reporting system based on either fluorescence or luminescence to quantify the bacilli viability. It is low cost and therefore accessible to most laboratories. The limitation of the latter assay is that intracellular growth and macrophage viability are not monitored directly.
VanderVen et al. identified compounds that inhibit Mtb replication during infection of macrophages using a highthroughput screen that utilizes Mtb expressing fluorophore mCherry and infected J774 macrophages. 150 Mtb utilizes lipids in vivo as nutrients for survival, virulence, and pathogenesis. Therefore, this group performed secondary screens against Mtb in culture to identify compounds that induce lipid-based toxicity. An Alamar Blue-based assay in 7H9 OADC medium identified 141 compounds that retained good potency (IC50 < 5 μM) against Mtb replication in 7H9 OADC and 132 conditionally active compounds that only inhibit Mtb growth in macrophages. Of these 132 conditionally active compounds, addition of cholesterol into the 7H12 culture medium converted 74 compounds into inhibitors. The remaining 58 compounds could not be converted into culture medium inhibitors with the addition of cholesterol or fatty acid.
The isocitrate lyase (icl) shunt is required for utilization of cholesterol metabolites in the TCA cycle. VanderVen et al. found that three of the 74 conditionally active compounds rescued growth of a Mtb icl1 knockout strain in cholesterolcontaining media. This rescue phenotype indicated that the compounds directly inhibited production of toxic metabolites from cholesterol catabolism. One of the three compounds was additionally able to rescue Mtb icl1 knockout strain growth in propionate.
Further metabolic profiling and biochemical enzyme inhibition assays identified HsaAB and PrpC, from the cholesterol ring degradation pathway and methylcitrate cycle, respectively, as the targets of those three compounds. For those conditionally active hits that could not rescue bacterial growth in cholesterol containing media, VanderVen et al. observed that intracellular cyclic AMP production was increased. cAMP production down regulates cholesterol utilization. This study provided insights into how Mtb utilizes cholesterol and how Mtb regulates cholesterol catabolism during macrophage infection.
Sorrentino et al. developed an intracellular high-throughput screen against Mtb-infected human macrophages. 136 In this assay, they utilized two Mtb strains, a luminescent strain and a fluorescent (GFP) strain, for primary identification and secondary confirmation, respectively. The Mtb infected THP-1 cells were produced in a large quantity by incubating the differentiated THP-1 cells with a Mtb single cell suspension in a roller bottle at 37°C for 4 h followed by removal of extracellular bacilli and incubation with testing compounds for 5 days for primary screening and 4 days for secondary profiling. In a trial screen of 155 compounds that are Figure 7 . Hit compound identified in intracellular whole-cell screens against Mtb-infected macrophages and discussed in the text. Also see Table 2 . Although the size and number of infected macrophage screens performed to date are limited, the early results are quite promising. Two compounds, Q203 152 and TBA-7371, 148 are in phase 1 clinical trials. Mechanism of action elucidation methods utilized are analogous to those used for whole-cell screening and, therefore, tractable. A shortcoming is that these types of screens focus on intracellular Mtb which is not the sole microenvironment encountered by Mtb in granulomas (Figure 1 ). The major technical limitations are the preparation of sufficient quantities of infected macrophages and the availability of BSL3 facilities in which large quantities of infected macrophages can be prepared and screened.
Granuloma Models
The macrophage-based intracellular assays mimic the host environment Mtb encounters at the single cell level. However, these assays do not represent the heterogeneity of the host microenvironment which Mtb encounters. Due to a granuloma's closer similarity to an animal infection model with human-like lesions, the granuloma model is the next step in bridging the gap between in vitro extracellular assays and in vivo animal models of infection for drug screens. Moreover, the granuloma is a good predictor of a drug's in vivo efficacy. 226 However, it is important to be mindful that in vivo Mtb does not only reside inside the cellular granuloma. For example, extracellular Mtb is found in the caseum of the necrotic granuloma, and infection may be found outside the lung. 8.4.1. Human Cell Granuloma Model. Silva-Miranda et al. developed a high-content screening assay to evaluate compound activities against a human granuloma model. 231 In vitro human granulomas were formed from human peripheral blood mononuclear cells infected with Mtb-GFP at 37°C for 1 h. After washing with buffer, the cell suspension was incubated at 37°C for 3 days to allow the formation of granulomas. The test compounds were incubated with granulomas for 5 days, and then the cell aggregates were fixed and stained for image acquisition. The granulomas were selected based on the size and form of the cells, and only intragranuloma bacilli were counted. Data analysis focused on counting the number of granulomas and the number of bacilli, and the number of bacilli per granuloma was used for the calculation of percentage of inhibition of each compound.
The MIC 50 s of INH, MOX, LZD, and PZA were tested in this artificial granuloma model and compared with their MIC 50 s in macrophage and extracellular assays. For INH, the MIC 50 s measured in all three models are similar, whereas for MOX and LZD there is an ∼15-fold increase in the MIC 50 in the granuloma model. The decrease of drug potency in the granuloma model is explained by the different permeabilities of single cells and cell aggregates. The different metabolic state of Mtb in the granuloma environment is also a key factor.
8.4.2. Human Cell Line Granuloma Model. Instead of using human peripheral blood mononuclear cells which were donated by healthy volunteers, 231 Schaaf at al. used THP-1 cells infected with Mtb-GFP mc 2 6206 (ΔpanCD and ΔleuCD) 117 at a high multiplicity of infection to form granulomas. It took 10−14 days for aggregates to form, which is longer than human peripheral blood mononuclear cells, during which time the cell medium had to be changed every 2−3 days. Its utilization allows the production of a large quantity of granulomas in a cost-effective way for highthroughput screening.
The morphologic and phenotypic characterization of THP-1 cell granulomas showed key features of a physiologically relevant Mtb lesion, such as, a tightly packed cell core with necrotic tissue and the presence of intracellular lipid bodies which may indicate a metabolic shift occurred in Mtb (Figures  1 and 5) . 226 RIF drug-resistance was also observed in this infection model.
Mtb in the granuloma model exhibited a more than 10-fold increase in tolerance to RIF compared to extracellular Mtb. This increased drug tolerance may be attributed to tissue penetration issues, increased efflux pump activity in the macrophage, and decreased drug uptake by Mtb in a metabolically latent stage. 185, 227, 232 This work confirmed the finding of Silva-Miranda 231 that the multiple layer cell structure of a granuloma presents a barrier to drug penetration. The fact that RIF has an ∼10-fold MIC increase in the granuloma model, compared to a 4-fold increase in the nutrient starvation latent model, suggests that the loss of potency is mainly due to the increased tissue penetration barriers presented by the structure of granuloma. For a TB drug to reach the intended molecular target, it must be carried and transported through blood to pulmonary lesions, diffuse into the caseum, and penetrate the cell wall to reach the target protein. 233 Therefore, this granuloma model serves as a good predictor for the evaluation of drug in vivo efficacy, particularly tissue penetrability at the lesion site. 226 8.4.3. Zebrafish Granuloma Model. The M. marinum infected zebrafish model has drawn a lot of interest as a useful tool for the study of the complexity and pathogenicity of Mtb infection. M. marinum infected zebrafish closely recapitulate the pathology of human Mtb infection, including macrophage aggregates and the formation of granulomas. 234, 235 In addition, the immune system of zebrafish is complex enough to mimic the human immune system. 236 Therefore, the infected zebra fish can be used as a tool for identification of host-derived pathways that are important for progression of Mtb infection in humans. Due to the relatively easy husbandry of zebrafish larvae, which are optically transparent, and the ease of in situ imaging by automated plate fluorimetry, fluorescently labeled M. marinum infected zebrafish larval model has been developed into an in vivo high-throughput screening platform for antitubercular drug identification. 237 This in vivo highthroughput screen allows the direct selection of compounds with in vivo efficacy that are not acutely toxic. The screen can also facilitate the selection of host-targeting compounds that mediate the host and pathogen interaction during the process of infection and progression.
This high-throughput screening assay evaluates two aspects of drug efficacy: quantification of bacterial burden and host survival. The 3-day postfertilization larvae can be maintained in 96-well plate format with no mortality for 10 days without water changes. Larvae are infected with fluorescently labeled M. marinum through caudal vein injection. Larvae at 1 day postinfection are kept in a 96-well plate in the presence of drugs and the viability and bacterial burden are monitored daily through automated plate fluorimetry. Before detection, larvae are reversibly anesthetized for immobilization. Viability is quantified by cardiac assessment and fluorescence intensity in the green channel of automated plate fluorimetry. Bacterial Chemical Reviews burden is measured by fluorescence intensity in a second fluorescence channel, the far-red range. The granuloma formation and heterogeneity after 3 days post infection does not affect the fluorescence measurement. For drug efficacy assessment of one compound, only a few zebrafish larvae are needed. Therefore, this in vivo assay can process extensive numbers of samples in a short time with limited amount of compound.
The original protocol for infection of zebrafish with M. marinum requires vein injection. Dalton et al. have developed a protocol to infect larvae by bathing them in luciferaseexpressing M. marinum solution, followed by selection of infected larvae by fluorescent cell sorting. 238 Despite this innovation, the model remains limited by the use of a surrogate bacterium in a surrogate organism.
CURRENT STATUS OF TB DRUG DISCOVERY
Based on two decades of screening by a variety of methods, lead compounds have begun to enter clinical trials. At present, approximately seven novel compounds are in early development ( Figure 8 and Table 2 ). These lead compounds have been identified through a variety of different screens and methods as outlined below.
SQ109
A combinatorial library based on 1,2-ethylenediamines like EMB was screened in two in vitro high-throughput screens. The first screening assay is a broth dilution to determine MIC against Mtb. The second assay is a iniBAC promoter based, cell wall inhibition bioluminescence high throughput screen. 239, 240 SQ109 was identified in this screen. 239, 240 However, SQ109's mechanism of action, potency and activity are different than that of EMB. SQ109 acts by targeting MmpL3, a transmembrane transport protein that transports trehalose monomycolate during cell wall synthesis. 132, 133 SQ109 is bactericidal. It is active against extracellular and intracellular bacilli and works in both acute and chronic murine models of Mtb infection. SQ109 improved the drug efficacy of the current four first line TB drugs and shows good synergism with bedaquiline. 239 SQ109 is currently in a phase II clinical trial.
Q203
Q203 is an imidazopyridine amide compound and was identified through an infected macrophage whole-cell screen. Q203 inhibits the cytochrome bc1 complex and disrupts the electron transport chain for ATP synthesis. 152 Q203 shows potent inhibition of replicating bacilli and has an excellent PK profile. The phase I clinical trial of Q203 was successfully completed recently by Infectex.
TBA-7371
TBA-7371 is a member of an 1,4-azaindole series that was identified through a scaffold morphing strategy followed by a lead optimization program from an imidazopyridine compound. 148, 241 The parental imidazopyridine compound was identified from the infected RAW 264.7 macrophage-based phenotypic screen which also generated Q203. 242 TBA-7371 noncovalently inhibits DprE1, a decaprenylphosphoryl-β-Dribose2′-epimerase, in the arabinan biosynthesis pathway. 148 TBA-7371 is bactericidal and is active in both acute and chronic Mtb infection murine models. 148 TBA-7371 is in a phase I clinical trial.
PBTZ-169
PBTZ-169 and BTZ-043 belong to the class of benzothiazinones that were identified from an in vitro broth dilution assay screening for antibacterial and antifungal activities. 228, 243 Benzothiazinones target DprE1 by forming a covalent adduct irreversibly with DprE1 and block the production of Darabinose for cell wall synthesis. 144 Both PBTZ-169 and BTZ-043 display very potent bactericidal activity against replicating bacilli and MDR strains, although they have low activity against nonreplicating subpopulations and show comparable efficacies to INH and RIF in the chronic Mtb infection murine model. PBTZ-169 is in a phase I clinical trial.
OPC-167832
OPC-167832 is a 3,4-dihydrocarostyril derivative developed by Otsuka. OPC-167832 also targets DprE1 and shows bactericidal activity against replicating and intracellular Mtb bacilli. Otsuka has a long history of drug development with this compound class for various clinical indications. OPC-167832 displays especially good synergism in combination with delamanid. OPC-167832 is currently in a phase I clinical trial. 140, 141 9.6. GSK-070 GSK-070 is an oxaborole derivative that targets leucyl-tRNA synthetase (LeuRS). Oxaboroles block leucyl-tRNA synthesis and consequentially protein synthesis by forming an adduct with tRNA and trapping the enzyme-tRNA complex in the editing site. 154 The benzoxaboroles were originally discovered as antifungal agents and were repurposed after testing against Mtb. 155, 156 The activity of GSK-070 has been demonstrated in both acute and chronic Mtb infection murine models. 157 GSK-070 is currently in a phase I clinical trial.
Analysis of Current Status
The degree of target engagement that can be achieved in vivo, and the vulnerability of these four targets in human disease remain to be established. Until full human efficacy trials are under way, we will not know how valid these targets are for treating TB.
In addition to the six clinical leads discovered through original screens against Mtb, there are compounds identified as antifungal or antiprotozoal that are effective against Mtb and Figure 8 . TB compounds identified in the screens outlined in Table 2 that are currently in clinical trials. (Table 2) , the same targets have been identified through a disparate set of conditional in vitro compound screens. For example, consider the case of a new, apparently druggable, target DprE1, decaprenylphosphoryl-β-D-ribose 2′-epimerase, an enzyme in the arabinan synthesis pathway, which is required for cell wall biosynthesis. DprE1 has been identified through multiple different screens and is inhibited by several compound classes. 114,143,146,228,244−246 The compounds act both through covalent mechanism-based inhibition as well as noncovalent competitive inhibition. It appears that DprE1 is easily targeted because it resides in the periplasmic space of the mycobacterium. 247 The reader is referred to an extensive review of DprE1 drug development for further details. 246 The reasons for the convergence on a small number of new targets are unclear. These targets may be central to Mtb survival in vivo and consequently susceptible to small molecule inhibition. Alternatively, the frequency of their selection may arise from similarities in compound libraries screened. Many of the compound libraries screened have been repurposed from pharmaceutical efforts in other arenas, primarily mammalian targets in human disease. 91 
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FUTURE PROSPECTS
Many additional hit compounds beyond the six in clinical trials described above have been identified through creative and inventive screens to replicate the microenvironment in which Mtb resides. Extensive biochemistry remains to be performed to inform the mechanism of action, to enable lead development, and to ensure in vivo efficacy. The extensive failure rate in early screening programs certainly provides impetus to do more sophisticated screens sooner in the hit and lead selection process. However, no screen can replace the requirements of extensive follow-on experiments to determine specificity and the mechanism of action.
The next question then is which screen to use first. Closer examination of the hits identified through different types of phenotypic screens (Table 2 ) reveals that the infected macrophage screens yielded hits against nearly all of the targets currently under investigation. Thus, the use of an infected macrophage screen appears most general and has the advantage of reflecting physiologic conditions to the greatest extent currently possible.
The greater technical complexity of using infected macrophage screens means that simpler whole-cell screens will continue to be utilized. Therefore, it is important to consider which screening conditions and selection criteria are likely to yield the most useful hits. Regardless of screening conditions, whole-cell Mtb screens identified hits primarily against extracellular targets that reside in or on the cell membrane, although many targets have yet to be identified ( Table 2) . The preponderance of cell-surface targets suggests preferential selection for targets that are most accessible to compounds in this format. These selections may be a consequence of filtering, library compositions, or innate target vulnerability.
Generally, in a whole-cell screen, the highest potency hits are selected for investigation. Due to the static, equilibrium conditions of MIC determinations, these conditions may bias toward selection of extracellular targets. We propose that less stringent MIC cutoffs in initial whole-cell screens may lead to identification of different hits that can be developed into lead compounds with improved potency against vulnerable intracellular targets, much like a fragment-based approach (see section 6). Then medicinal chemistry efforts are essential to develop an initial hit into a lead compound for in vivo use. Compound pharmacokinetics must be such that penetration into the caseum core of a necrotic granuloma occurs. Recent studies have highlighted how compounds with low or no efficacy in vitro, like ethambutol and pyrazinamide, have excellent biodistribution properties that contributes to their in vivo efficacy. 248, 249 One approach to improve weaker hits may be to design prodrugs that take advantage of Mtb transporters. For example, trehalose is a disaccharide important for Mtb virulence. LpqYSugABC transports trehalose back into the mycobacterial cell after hydrolysis of trehalose monomycolate (TMM) which is exported by the MmpL3 transporter. The LpqY-SugABC transporter accepts structural analogs of trehalose 250 suggesting that it may be used for drug delivery purposes. Existing synthetic methods and applications, 251 as well as validation the pathway is required to maintain viability, 252 suggest that trehalose conjugates could be a fruitful direction to pursue. Mtb expresses many additional transporters, including Mce1 and Mce4 to transport fatty acids and cholesterol, respectively, 200, 253 that could be considered for similar approaches.
Many of the most recently identified leads (Table 2 ) and most recently approved TB drugs (Figure 3) contain two or more aromatic moieties (Figures 4, 6 , and 7) and are very hydrophobic (cLogPs > 5). 8 In contrast, most existing TB drugs are very polar (cLogPs < 2). 8 High hydrophobicities can be problematic due to drug−drug interactions, to human metabolic liabilities, and to formulation issues. Another approach to improve the diversity of hits and targets is to refocus on the use of natural products. Improved analytical methods in combination with modern bioinformatics and genetic engineering approaches have improved access to greater structural novelty and activity than obtained in earlier decades. 254, 255 Natural product antibiotics have the advantage of being selected through evolution to permeate bacterial cell walls and to be specific for their targets. 255 For example, Rohde and co-workers have recently demonstrated the utility of screening marine natural product extracts against Mtb in a multistress culture condition. 161 Although the target of their puupehenone metabolite hits has not been identified, the preponderance of evidence suggests that the target is NADH oxidase activity, a new target for Mtb drugs.
Ultimately, in developing and selecting a lead compound, additional screening assays will be performed to understand its mechanism of action, and it is desirable that a compound should work on the selected target under multiple physiologically relevant conditions. What is important is to identify new hit scaffolds for drug development and new targets that can provide different mechanisms of action from existing TB drugs.
The best prospect to identify future TB drugs is to continue the development of screens to their logical end point of replicating the Mtb microenvironment fully. Current granuloma models rely on a single cell type to mimic the aggregated complex that is formed. Tissue engineering methods may yield more heterogeneous, yet still organized, multicellular structures that better recapitulate the structure of human granulomas. 256 These types of models will provide physiological relevance, unbiased selection of essential and vulnerable targets at a near organismal level, and simultaneously avoid compounds with unfavorable biophysical properties. Many of the simpler screens established and described above will still be essential for identifying targets and mechanism of action once hits have been identified.
However, identification of the specific target selected in such screens will be even more challenging than for current screening efforts. Whole genome sequencing of mutants resistant to hits from empirical screens followed by introducing a mutation into the target gene independently for confirmation is the most common approach to target identification and validation. 257 With current screens, the slow replication rate of Mtb prolongs selection of mutants, and the resulting mutants often have reduced viability in liquid media. Alternative strategies used with success in other systems include comparative phenotypic profiling and gene under-expression to increase drug sensitivity. 258 The former approach was used successfully by VanderVen and co-workers to identify the targets of hits obtained in an infected macrophage screen. 150 These approaches can be challenging to implement, if the inhibition efficacy is condition dependent, and the challenges will be compounded with the use of more elaborate screens. Moreover, hits may have multiple targets, which is advantageous for slowing the development of resistance in the clinic, but increases the difficulty of understanding mechanism of action. In addition, hits that target the host may be generated, further complicating analysis. Thus, continued development of methods to identify targets are required.
Once targets are identified, methods to assess level of target engagement in vivo are needed. 259 Lack of efficacy once reaching human clinical trials is the most frequent cause of compound attrition. Small differences in the in vivo drug concentration required for efficacy and the in vivo drug concentration which is toxic (therapeutic window) can make it difficult to achieve required levels of target engagement. Ultimately, the relation of the target to human disease in the human patient must be established to validate drugging the target. Human imaging technologies are advancing rapidly, with the greatest advances occurring in neuroscience and cancer. These same imaging modalities can be used to establish the degree of target occupancy in conjunction with biochemical experiments. 259 Recently, methods have been developed that advance our understanding of drug kinetics in the granuloma. 248,260−262 All of these types of experiments must be moved earlier into the TB drug development pipeline to ensure that druggable, vulnerable targets are being engaged appropriately for sterilization of Mtb in a diverse array of granuloma states.
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